Introduction
Benzene (BZ) is a hematotoxin that causes Hydroquinone (HQ), a hepatic metabolite bone marrow cell depression in experimen-of BZ, accumulates in the bone marrow tal animals and aplastic anemia in humans (7) where it undergoes peroxidase-mediated that are chronically exposed (1) (2) (3) . The oxidation in the S0 to p-benzoquinone bone marrow stromal macrophage (S0) is (BQ) (8), a direct-acting biologically reaca target of BZ hematotoxicity (4) (5) (6) . tive electrophile that interacts with the This paper was presented at Benzene '95: An International Conference on the Toxicity, Carcinogenesis, and Epidemiology of Benzene held [17] [18] [19] [20] June 1995 in Piscataway, New Jersey. Manuscript received 16 January 1996; manuscript accepted 14 June 1996. Supported by U.S. EPA grant R819301. We are indebted to R. Coleman and H. Bradford for performing the experiment presented as Figure 4 and to R. Black sulfhydryl (SH) group of cysteine residues in cellular proteins (8) .
The S0 is involved in hematopoietic regulation (9) (10) (11) through the synthesis of several cytokines including interleukin-1 (IL-1), which synergizes with IL-3 to promote the development of the pluripotent stem cell to myeloid and lymphoid stem cells (12) . IL-1 is also involved in lymphocyte development and in the induction of cytokine production by stromal fibroblasts (11, 13, 14) . Inhibition of the production of active IL-I in S0 could result in a lack of cytokines, increased physiological cell death (apoptosis) of hematopoietic progenitor cells, and thus bone marrow cell depression. BZ-induced bone marrow cell depression might result from interference by BQ in IL-1 production, processing, and/or secretion in S0. Lipopolysaccharide (LPS)-induced secretion of IL-I by murine S0 (15) and P388Dl macrophagelike cells (16) was decreased in vitro after exposure to HQ and a decrease in chymotrypsinlike activity in extracts of P388D, cells was observed concomitant with a decrease in the release of IL-1 into the conditioned medium (16) , leading the authors (16) to suggest that HQ decreased IL-I release by inhibiting proteolytic conversion of the molecule from its membrane-bound precursor form.
Two IL-1 cytokines, IL-la and IL-1[3, are the products of distinct genes located on chromosome 2 (17) . The transcript of each gene is translated as a precursor protein of approximately 34 kDa that is converted by a specific protease to a biologically active cytokine of 17 kDa (18) . The processing of pre-IL-1 a to mature cytokine is catalyzed by the SH-dependent protease, calpain (19, 20) . The release of IL-i[, from the cell is also associated with the cleavage of its precursor form by a sulfhydryl (SH)-dependent protease referred to as IL-1 converting enzyme (ICE) (21) (22) (23) .
We report here that HQ, via peroxidation to BQ, has no effect on the transcription or translation of mRNAs for the 34-kDa pre-IL-ia or pre-IL-1[3 but prevents the proteolytic conversion of the pre-IL-1 forms to the 17-kDa active cytokines in murine S0 or human B1 myeloid cells, respectively. In addition, S0 from BZtreated mice produce the 34-kDa pre-ILla when stimulated in culture with LPS (24) but cannot convert the precursor to IL-la. These results suggest that BQ also prevents the conversion in vivo and thus may be responsible for BZ-induced bone marrow cell depression. In this connection, Environmental Health Perspectives * Vol 104, Supplement 6 * December 1996 BZ-induced bone marrow cell depression can be prevented by the concomitant administration with BZ of native but not heat-inactivated, recombinant IL-ixa, thus bypassing the inability of the HQ-inhibited S0 to produce IL-la (24) . We also show that BQ is an excellent inhibitor of the proteolytic activity of calpain and ICE.
Methods
Isolation of resident S0, preparation of an adherent stromal layer from BZ-treated animals, exposure to HQ, and determination of intracellular and membrane-bound IL-la were carried out as previously described (24) . Treatment of mice with BZ and the effect of IL-la on BZ-induced bone marrow cell depression were previously described (25) . The Bi cell line was established from the bone marrow of a patient with a relapse of acute lymphocytic leukemia (ALL) characterized by a 4;1 1 chromosomal translocation, the expression of the stem cell marker CD34, and an immature pre-B/myeloid phenotype (26, 27) . The cells secrete IL-1p, which supports the autocrine growth of the cells (27) . The cells were seeded at a density of 5 x 105 in a minimal essential medium (aMEM) containing 10% fetal bovine serum (FBS) and incubated at 37°C with 5% CO2. The cells were fed every 7 days and diluted to the initial seeding density. Cells growing at a density of 4 x 106/ml secrete approximately 25 (28) and was assayed by measuring the hydrolysis of a specific peptide substrate, 3-carboxypropionyl-leutyr-NH-7-(4-methyl) coumarylamide, which liberates a fluorescent product (29) . The dialyzed enzyme and buffer (or inhibitor) were mixed and immediately added to a rectangular quartz cuvette at 25°C containing 1 mM peptide substrate in 60 mM Tris/HCl buffer, pH 7.5, 2.5% (v/v) dimethylsulfoxide (DMSO) and 5 mM CaCl2. The rate of hydrolysis of peptide was continuously recorded by a fluorescence spectrophotometer connected to a chart recorder. The absorbance excitation maximum of substrate occurred at 380 nm (5-nm slit width) and emission response at 440 nm (10 nm slit width). Proteolytic activity of recombinant ICE, in the presence or absence of BQ, was monitored by Western immunoblot analysis of the proteolytic product, the mature 17-kDa IL-13, using recombinant pre-IL-l as the substrate and a monoclonal anti-IL-i1 antibody to identify the both the pre-IL-1lB and the mature IL-13
Polyacrylamide gel electrophoresis (PAGE) and Western blotting. Sodium dodecyl sulfate (SDS)-PAGE was carried out using a precast 4 to 15% gradient polyacrylamide minigel run at 200 volts for 45 min. The gel was placed in transfer buffer Figure 1 . Benzene-induced depression of bone marrow cellularity and its prevention by Il-la. Seven groups (n=4) of male C57BI/6J mice were established. One group served as the control and received only corn oil and PBS. Five groups were injected ip with BZ (600 mg/kg bw) in corn oil twice per day, 7 hr apart, for 2 days. One of these groups received BZ only, the others were also injected with rMulL-lac (500, 1000, or 2000 U/animal) or heat-inactivated rMulL-la administered in PBS containing 0.2% BSA. A seventh group of animals received only rMulL-la (2000 U/animal). Eighteen hours after the final injection, the animals were killed by cervical dislocation, their femurs removed, and the nucleated bone marrow cells obtained and counted. Data are expressed as the mean ±SD. Where there were differences between groups, they were significant at the p<0.01 level. From Niculescu and Kalf (25) , with permission.
PBS-A-Tween. After washing, the blot was probed with mouse monoclonal antihuman IL-13 (5 mg/ml) for 1 hr at room temperature. The blot was then washed and incubated for 1 hr with horseradish peroxidase-conjugated sheep anti-mouse immunoglobulin G (IgG) diluted 1:1000. After washing, the blot was incubated for 1 min with ECL horseradish peroxidase developing reagent and exposed to X-ray film for 5 sec.
StatisticalAnalysis. Data points represent the mean of the number of cells of three replicates ± SD. Where no error bars are shown, the SD was too small to plot.
Results and Discussion
Ability ofRecombinant Murine IL-la to Prevent Benzene-induced Depression ofBone Marrow Celiularity follows: One group was treated with vehicle (corn oil) only and served as control. One group received BZ (600 mg/kg body weight, ip, twice/day for 2 days) and another group received only recombinant murine IL-1 (rMuIL-loa) (2000U/ml). Three groups were given rMuIL-lc (500, 1000, or 2000 U/animal) 18 hr prior to the first daily BZ injection. The remaining group was administered heat-inactivated rMuIL-la (2000 U/animal) prior to BZ treatment. Administration of BZ to mice decreased the nucleated cells in the bone marrow ( Figure 1 ) to 25% of control, measured 17 hr after the last BZ injection (on day 3). Native rMuIL-la provided a dosedependent protection against the depressive effects of BZ (Figure 1 , bars 3-5), with complete protection occurring at 2000 U/animal (100 U/g bw). Heat-inactivated rMuIL-lo did not protect (bar 6) and pretreatment with rMuIL-lac alone (bar 7) did not affect bone marrow cellularity in 3 days. rMuIL-lcx provided similar protection when the dose of BZ administered was 800 mg/kg bw. Taken together, these results suggest that the depression of bone marrow cellularity in mice may result from an inability of the S0 to process pre-IL-lac, the major form in the mouse, to biologically active cytokine required for the induction in stromal fibroblasts of colonystimulating factors essential for the survival of hematopoietic progenitor cells. Additional support for this hypothesis is the demonstration that BZ-induced myelotoxicity is completely prevented when exogenous IL-loc obviates the lack of IL-lot in the S0 of BZ-or HQ-treated animals.
Inhibition of the Conversion of Pre-IL-la to Mature Cytokine in SO from Benzene-treated Mice and in S0 Treated with Hydroquinone in Culture. The inhibition of conversion of precursor to cytokine was demonstrated in S0 of mice treated with BZ under conditions that cause myelotoxicity measured as severe depression of bone marrow cellularity. Three groups (n = 4) of C57Bl/6J mice were established. One group received the vehicle only. The second was treated with 800 mg/kg BZ ip twice daily for 2 days. Indomethacin (2 mg/kg), a prostaglandin H synthase-peroxidase inhibitor was concomitantly administered to group three. Indomethacin has been shown to prevent BZ-induced bone marrow cell depression and genotoxicity (30) . It has no effect on the hepatic metabolism of BZ at this dosage but does prevent oxidation of HQ to reactive species in the S0. Eighteen hours after the final BZ administration, femoral bone marrow was obtained and the number of nucleated marrow cells determined. Bone marrow cellularity of BZ-treated mice was depressed to 45% of control, while coadministration of indomethacin prevented depression (data not shown). The ability of S0 from BZ-treated animals to convert 34-kDa pre-IL-la to 17-kDa cytokine was assessed by placing bone marrow cells from the three experimental groups into culture to establish an adherent layer consisting predominately of S0 and fibroblasts. IL-la production by the S0 was stimulated by incubation with LPS for 18 hr. Conversion of the precursor to the 17-kDa cytokine was analyzed in cell lysate protein by Western immunoblotting. As can be seen in Figure  2 , S0 from control animals stimulated with LPS produced both a 34-kDa pre-IL-lx and a 17-kDa mature cytokine (lane 2). The precursor was produced in LPStreated S0 from animals administered BZ, indicating that transcription and translation were not affected, but the precursor was not converted to the 17- comitantly with BZ prevented the inhibition of precursor processing (lane 3) that results from the oxidation of HQ to BQ by peroxidase.
The inhibition of conversion of pre-IL-i ac to cytokine by HQ in normal mouse S0 was demonstrated by culturing femoral bone marrow cells with recombinant macrophage colony-stimulating factor for 7 days, which resulted in a population of greater than 95% S0, as determined by morphological and biochemical analysis (data not shown). Confluent S0 were treated with HQ (0.5-10.0 pM) for 6 hr, followed by stimulation with LPS for 24 hr. Immunoblot analysis of cell lysate protein indicated that S0 did not express IL-la in the absence of LPS stimulation ( Figure 3, lane 1) , whereas in the presence of LPS, precursor was produced and converted to mature cytokine (lane 2). Exposure to HQ did not affect transcription or translation of pre-IL-ia at 10 1iM, but 0.5 pM HQ completely inhibited the conversion of pre-IL-la to cytokine (Figure 3, lanes 3-6) . Thus, S0 from BZtreated mice and from those treated in culture with HQ are incapable of producing active cytokine, most probably because BQ has inhibited the protease responsible for cleaving the 34-kDa precursor to the 17-kDa active molecule. HQ has been reported to both inhibit calpain II activity and selectively decrease calpain II content in mouse bone marrow S0 as measured by immunoblot analysis (31); the inhibition and decrease in calpain activity may occur because of an increased turnover of the inactive, damaged BQ-adducted calpain.
C~,'
c/~p /'3 4 kDa 17 kDa Figure 3 . Inhibition of conversion of pre-IL-la to mature cytokine by HO in mouse S0. S0 were grown to confluence in RPMI 1640/ 750 U/ml rM-CSF. S0 were treated with HO (0.5 to 10 pM final concentration) for 6 hr at 37°C, 5% C02 (lanes 3-6). Controls (lanes 1, 2) did not receive HO. IL (19, 20) . BQ, produced from HQ in the cytosol of the S0, may inactivate calpain by forming a covalent adduct with the SH group of an essential cysteine residue at the active site (32) . We have demonstrated previously that macrophages oxidize radiolabeled HQ to BQ, which covalently binds to proteins (8) , and in the presence of excess cysteine to compete with protein SH groups, BQ is trapped as the BQ-S-cysteine monoadduct (8) . As can be seen in Figure  4 , BQ causes a concentration-dependent inhibition of the activity of purified human platelet calpain with a 50% inhibitory concentration of 3 pM, making BQ one of the most potent inhibitors of this protease. For these reasons we postulate that BQ inhibits calpain by covalently binding to the essential SH group of cysteine 108 at the active site (32) . 4. This result suggests that the peroxidasemediated oxidation of HQ to BQ, the more active compound, is occurring in B1 cells. Indomethacin, which by itself showed some effect on cell growth, restored the cell number in the presence of HQ to the number seen with indomethacin alone. In addition, it can be seen from a Western blot analysis of pre-IL-1 O in the cell lysate (Figure 7, insert) and mature IL-11 in the conditioned medium that neither HQ nor indomethacin have an effect on the transcription or translation of the 31-kDa pre-IL-1 (cell lysate) but that HQ does inibit the formation of the mature 17-kDa IL-153 and thereby its secretion into the conditioned medium, and this inhibition is prevented by indomethacin.
Inhibition ofIL-1 [3 Converting Enzyme by BQ cannot proteolytically cleave the pre-cursor to the mature, biologically active cytokine. Murine S0 treated with as little as 5 x 1 0-7 M HQ cannot process pre-IL-ax because of the peroxidase-mediated oxidation of HQ to BQ that inhibits the SH-dependent protease, calpain. HQ, by oxidation to BQ in the human myeloid-type BI cell, also inactivates ICE, the SH-dependent protease responsible for converting pre-interleukin-1 3 to biologically active cytokine, which results in the inhibition of IL-15-dependent autocrine growth of B1 cells. The results indicate that BZ-induced bone marrow hypocellularity in the mouse results from apoptosis of hematopoietic progenitor cells brought about by a lack of essential cytokines subsequent to S0 dysfunction and deficient IL-1 production caused by BQ inactivation of the protease responsible for processing pre-IL-1l. In view of the ability of BZ to cause aplastic anemia, it is of interest that in two large studies of aplastic anemia, a high percentage of patients showed stromal S0 dysfunction and deficient IL-1 production in comparison with controls (33, 34) .
